Background: The closely related herpes simplex viruses 1 and 2 can cause inflammations of the central nervous system (CNS), where type 1 most often manifest as encephalitis (HSE), and type 2 as meningitis (HSM). HSE is associated with severe neurological complications, while HSM is benign in adults. We proposed that studying the chemokine and cytokine production in cerebrospinal fluid (CSF) and serum could indicate why two closely related viruses exhibit different severity of their accompanied CNS inflammation. Methods: Secretion patterns of 30 chemokines and 10 cytokines in CSF of adult patients with acute HSE (n = 14) and HSM (n = 20) in the initial stage of disease were analyzed and compared to control subjects without viral central nervous system infections and to levels in serum. Results: Most measured chemokines and cytokines increased in CSF of HSE and HSM patients. Overall, the CSF chemokine levels were higher in CSF of HSM patients compared to HSE patients. However, only five chemokines reached levels in the CSF that exceeded those in serum facilitating a positive CSF-serum chemokine gradient. Of these, CXCL8, CXCL9, and CXCL10 were present at high levels both in HSE and HSM whereas CXCL11 and CCL8 were present in HSM alone. Several chemokines were also elevated in serum of HSE patients but only one in HSM patients. No chemokine in-or efflux between CSF and serum was indicated as the levels of chemokines in CSF and serum did not correlate. Conclusions: We show that HSM is associated with a stronger and more diverse inflammatory response in the CNS compared to HSE in the initial stage of disease. The chemokine patterns were distinguished by the exclusive local CNS production of CXCL11 and CCL8 in HSM. Inflammation in HSM appears to be restricted to the CNS whereas HSE also was associated with systemic inflammation.
Background
Herpes simplex viruses (HSV) may cause inflammations in the central nervous system (CNS), manifesting either as encephalitis or meningitis. Encephalitis is most often caused by herpes simplex virus type 1 (HSV-1), whereas meningitis primarily is caused by HSV type 2 (HSV-2) [1] . HSV-1 encephalitis (HSE) occurs with an incidence of 2-4/million, and the estimate for HSV-2 meningitis (HSM) is 2-4/100,000 [1] [2] [3] . Women are six times more likely to develop HSM compared to men, whereas no sex predilection is found for HSE [1, 4, 5] .
HSV-1 and HSV-2 are double-stranded DNA viruses with approximately 50% DNA homology. Both viruses initially infect mucosal tissue and later establish latent infections in the CNS [6] . HSV-1 mainly cause cold sores and propagate to the CNS from the trigeminal and/or olfactory ganglia to the temporal lobe. From there the virus may spread to the contralateral temporal lobe possibly via the anterior commissure [7] . The temporal inflammatory lesions on magnetic resonance imaging (MRI) seen in the majority of HSE patients give rise to symptoms with high fever, headache, seizures, disorientation, and dysphasia [8] . HSE is associated with high mortality without antiviral treatment (>70%), and severe neurological sequelae may appear regardless of antiviral treatment [9, 10] . HSV-2 commonly infects through the genital mucosa and spreads to the CNS where it is thought to emanate from the sacral ganglia. HSM symptoms are more benign with fever, headache, stiff neck, and photosensitivity, even though some patients develop more severe symptoms such as sacral radiculomyelitis [11] . HSM, in contrast to HSE, is characterized by recurrent episodes of disease [2, 11, 12] . The CSF inflammatory response in HSE and HSM is characterized by pleocytosis, mainly lymphocytes, and increased protein content [5] , where the latter generates a more pronounced pleocytosis [1, 11] . During HSE, there is a vigorous intrathecal innate immune response necessary for controlling the viral infection including inflammatory markers such as IL-6 and TNF-α [13] , but this response may concurrently contribute to brain tissue destruction and consequent neurologic sequelae. HSM is associated with induction of alfa-and gamma interferon (IFN), but the immune response is generally less well characterized [14, 15] . Both diseases are treated with acyclovir, a selective inhibitor of viral replication that potently reduces viral titers and lowers mortality in HSE [16] [17] [18] .
Leukocyte entry into the CNS is restricted by the bloodbrain barrier (BBB) and/or the blood-cerebrospinal fluid barrier (BCSFB); hence, the CNS is considered immune privileged. However, immune surveillance continuously takes place in the CNS even in non-inflammatory states, suggesting controlled mechanisms of leukocyte trafficking over the barriers and into the cerebrospinal fluid (CSF) [19] [20] [21] [22] . Inflammatory cells migrate to peripheral tissues in response to chemokines, i.e., chemotactic cytokines. Chemokine signaling occurs through G protein-coupled chemokine receptors which are present on all immune cells [23] . The expression profile of chemokine receptors differ between different leukocyte subsets, between cells in different tissues, as well as between resting and activated cells, and determine the migratory potential and homing pattern of all white blood cells [24] . The homeostatic secretion profiles of chemokines and the expression pattern of their respective receptors in the CNS of humans is relatively unexplored [23] , as is the characterization of inducible inflammatory chemokines during viral CNS infections. Best described are CXCL9 and CXCL10 which both bind CXCR3, a chemokine receptor primarily expressed on T cells and natural killer (NK) cells [25, 26] . CXCR3 also binds the less well-characterized CXCL11. All three CXCR3 ligands are upregulated in response to IFN-γ, a potent pro-inflammatory cytokine [27] .
To identify parameters associated with the recruitment of immune cells to the CNS in HSE and HSM, we conducted analysis of 30 chemokines and 10 cytokines in the CSF of adult patients with HSE or HSM and compared to control subjects without viral CNS infections. To analyze potential in-and/or efflux of chemokines/cytokines between CSF and serum, we compared paired CSF and serum samples from these patients. We found that most measured chemokines and cytokines increased in the CSF of both HSE and HSM patients. However, immune cells move toward a chemokine gradient, which imply that levels in CSF need to exceed those in serum for potent cell migration into the CNS. This criterion was filled for CXCL8, CXCL9, and CXCL10 in both HSE and HSM. Two chemokines distinguished HSE from HSM; CCL8 and in particular CXCL11 was only expressed above serum levels in the CSF of HSM but not HSE patients. We thus conclude that HSM, despite being a more benign disease, is characterized by a stronger and a more diverse inflammatory CSF chemokine response.
Methods

Study population and procedures
Patients with suspected HSE or HSM were admitted to the Department of Infectious Diseases, Sahlgrenska University Hospital, Gothenburg, Sweden. Patients with HSE had clinical signs of encephalitis with fever, disorientation, altered consciousness, paresis, seizures and/ or dysphasia, and MR or CT-changes compatible with herpes encephalitis. Patients with HSM had clinical signs of meningitis with headache, nausea and/or vomiting, and pleocytosis in lumbar puncture. HSE and HSM, respectively, were confirmed on admission to the hospital by detection of HSV-1 or HSV-2 DNA by quantitative in-house TaqMan PCR methods [28] . Cerebrospinal fluid samples from 14 patients with confirmed HSE and 20 patients with confirmed HSM were included in this study. Persons that sought care for headaches, but did not have pleocytosis and confirmed negatively for bacteria and virus in the CSF were used as controls (n = 35). None of the control patients were diagnosed with any neurologic condition including infection or autoimmunity during a 1-year follow-up period. As none of the patients had pleocytosis, we find it unlikely that they had an undiagnosed CNS infection. The cerebrospinal fluid samples were centrifuged 1500 rpm for 5 min to remove cells. Eight patients with HSE and 8 patients with HSM had paired CSF and serum samples (±2 days). In the control group, 3 persons had paired CSF and serum, while CSF was obtained from 30 persons, and additional sera from 2 persons. All HSE and HSM samples were obtained during acute infection within 20 days after symptom onset and stored in −70°C. The medical records were obtained for registration of clinical data including laboratory results on CSF albumin levels, pleocytosis, and treatment. 
Analysis of cytokines and chemokines
Thirty chemokines and 10 cytokines (CCL1, CCL2, CCL3, CCL7, CCL8, CCL11, CCL13, CCL15, CCL17, CCL19, CCL20, CCL21, CCL22, CCL23, CCL24, CCL25, CCL26, CCL27, CX3CL1, CXCL1, CXCL2, CXCL5, CXCL6, CXCL8, CXCL9, CXCL10, CXCL11, CXCL12, CXCL13, CXCL16, GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-16, MIF, and TNF-α) were detected and quantified in duplicate samples of serum or CSF using Bio-Plex Pro™ Assay (Bio-Rad Laboratories) according to the manufacturer's instructions. Briefly, samples and standards were mixed with capture beads, were incubated in the dark in room temperature (RT) for 1 h on a shaker at 850 rpm, and were subsequently washed. Biotin-labeled antibodies were added to the capture beads and incubated for 30 min as described above. Following the washing step capture bead/biotin antibody complexes were incubated with Streptavidin-PE for 10 min. Complexes were washed and measured by a Bio-Plex 200 System (BioRad Laboratories) with 5-parameter logistics standard curves which were used for interpolation of chemokine and cytokine levels.
Statistics
Normal distribution was tested using Shapiro-Wilk normality test. Albumin levels and mono-and polynuclear cell numbers were compared using Mann-Whitney U test. For multiple comparisons of the three groups (HSE and HSM patients and control subjects) Kruskal-Wallis' non-parametric test with Dunn's post-test was used (n = 8-33/group). Statistical differences between serum and CSF in patient groups were calculated using Wilcoxon matched-pairs signed rank test (n = 8/group). Nonparametric Spearman's correlation coefficient was used to calculate correlation between serum and CSF (n = 8/ group). All statistical analysis was performed using GraphPad Prism version 6 (GraphPad Software).
Results
HSM is associated with higher levels of mononuclear cells compared to HSE
The levels of albumin and the number of mono-and polynuclear cells in CSF were measured during routine clinical analysis and are summarized in Table 1 . As previously described, HSM were accompanied by a significantly higher influx of mononuclear cells in the CSF, compared to HSE. No significant difference between the two patient groups was observed in either levels of albumin or number of polynuclear cells.
In health CCL2, CXCL8, CXCL10, CXCL12, and CXCL16 are expressed at higher levels in CSF compared to serum
Baseline levels of cytokines and chemokines were examined in CSF and serum of control subjects without viral CNS infection (n = 5-33). In the CC chemokine group five chemokines (CCL2, CCL15, CCL19, CCL21, CCL25) were constitutively expressed in CSF (Fig. 1a , Table 2 ), but only CCL2 had higher median expression in CSF (Table 2 ) compared to serum (Additional file 1: Table  S1 ). In the CX chemokine group (including CX3CR1), eight measured chemokines (CX3CL1, CXCL5, CXCL8, CXCL9, CXCL10, CXCL11, CXCL12, CXCL16) were constitutively expressed in CSF (Fig. 1b, Table 2 ). Among these chemokines, four had higher median expression in CSF (Table 2 ) compared to serum (Additional file 1: Table S1 ), namely, CXCL8, CXCL10, CXCL12, and CXCL16. The remaining chemokines were expressed at negligible levels in CSF (Fig. 1a-b , Table 2 ). None of the ten cytokines analyzed were expressed during steadystate in CSF except for the chemokine-like cytokine macrophage migration inhibitory factor (MIF) (Fig. 1c , Table 2 ). (Table 2) . However, cells are believed to migrate from blood into the CNS by a chemokine gradient. We therefore focused on chemokines that reached levels in the CSF exceeding those in serum (i.e., a CSF/serum factor >1 and a significant difference between the two parameters) ( Table 3 ) and argue that these are of biological significance for cell migration to the CNS. CXCL8, CXCL9, and CXCL10 increased in the CSF of HSE and HSM patients and reached levels in the nanogram/ml range (Fig. 2a-c) . The induction of CXCL8 and CXCL9 were highly significant in HSM (p = <0.0001) as well as HSE (p = 0.0006 and p = <0.0001, respectively) ( Fig. 2a-b, Table 2 ), but the CSF-serum gradient was much more pronounced in HSM (factor of 40 and 12, respectively) compared to the HSE patient group (factor of 2.6 and 3.8, respectively) ( Table 3 ). There was a remarkable increase of CXCL10 in both HSE and HSM (p = <0.0001) (Fig. 2c ) with a CSF-serum factor of around 65 for both patient groups (Table 3) .
High levels of CXCL11 and CCL8 in CSF are associated with HSM but not HSE Among 30 measured chemokines, 2 distinguished HSE from HSM. The most impressive response was observed for CXCL11 which increased enormously in HSM (p = <0.0001) (Fig. 3a, Table 2 ). CXCL11 reached levels between 2 and 10 ng/ml in all HSM patients but remained low in most HSE patients (Fig. 3a) , with a CSF-serum factor of 31 for HSM, compared to 0.35 in HSE (Table 3) . CCL8 had a median >200-fold increase in CSF of HSM patients, compared to 13 for the HSE group (Fig. 3b , Table 2 ). However, only HSM was associated with a positive CSF-serum gradient (Table 3 ). To rule out that the differences in CSF levels of CXCL11 and CCL8 in HSE and HSM patients were not due to gender bias (the predominance of females in the HSM cohort), we performed a subgroup analysis of females only which shows that these chemokines are indeed higher in HSM irrespective of gender (Additional file 2: Figure S1 ). We could not perform a similar statistical evaluation for males as they were too few in the HSM cohort.
Of the remaining measured chemokines most increased in CSF of both HSM and HSE, excluding only CCL2, CCL27, and CXCL12, but the levels were overall modest (Table 2) , and all with a CSF/serum factor < 1 (Table 3 ). In serum, six chemokines were elevated in HSE (CCL20, CCL27, CX3CL1, CXCL2, CXCL9, and CXCL11) compared to only one in HSM (CCL21) (Additional file 1: Table S1 ).
Proinflammatory cytokines are induced in CSF of HSE and HSM patients
Most cytokines analyzed were induced in CSF of both HSM and HSE patients ( Table 2) . IFN-γ, the hallmark of an anti-viral Th1 response, increased significantly for HSM, but not HSE (Fig. 4a) . GM-CSF, IL-1β, and IL-2 increased in both patient groups (Fig. 4a) . IL-4, which is most commonly associated with Th2-responses, increased neither in HSE nor in HSM (Fig. 4a) . IL-10, IL-16, and TNF-α had a pronounced actual increase in both HSE and HSM (Fig. 4b) , although the increase was not significant for IL-16 in HSE (Table 2 ). IL-6 and MIF were the dominant cytokines reaching concentrations in the nanogram range (Fig. 4c) , but again the increase for MIF in HSE was not significant ( Table 2 ). The only cytokines that increased in serum was MIF (p = 0.02, Additional file 1: Table S1 ), and only in HSM patients.
Chemokine and cytokine levels in CSF of HSE and HSM patients are not reflected in the systemic compartment
To evaluate the potential in-or efflux of chemokines and/ or cytokines between serum and CSF paired samples from HSE and HSM patients (n = 8/group) were analyzed. Overall, the constitutive levels of chemokines were higher in serum compared to CSF (Table 2, Table 3 , Additional file 1: Table S1 ). CCL15 and CCL21 were both present at ng/ml concentrations in serum of control subjects and an additional 12 chemokines were expressed at high levels (Additional file 1: Table S1 ). In HSE six chemokines had a moderate but significant increase in serum compared to controls (CCL20, CCL27, CX3CL1, CXCL2, CXCL9, CXCL11), while only one increased in serum of HSM (CCL21) (Additional file 1: Table S1 ). Among cytokines, only MIF increased in serum, and only in HSM (Additional file 1: Table S1 ). Performing Spearman's rank correlation between serum and CSF levels of the 40 measured analytes, statistical correlations were observed for CXCL9 (r = 0.74) and CXCL13 (r = 0.76) in HSE and for CCL7 (r = 0.83) and CCL24 (r = 0.79) in HSM. There was also inverse correlations for CXCL6 (r = −0.81), CXCL16 (r = −0.86), IL-10 (r = −0.74), and IL-16 (r = −0.74) in HSE (Table 3) . No other correlations were observed (Table 3) .
Discussion
In this study, we demonstrate that CNS disease caused by the closely related HSV-1 and HSV-2 present with different local patterns of chemokine and cytokine expression. Both conditions were associated with high levels of CXCL8, CXCL9, and CXCL10 and increased levels of many cytokines in CSF. However, HSM but not HSE was associated with high levels of CXCL11 in CSF, and these diseases might thus be distinguished through the induction of this chemokine.
Chemokines function as immune cell attractants and can in some cases directly activate leukocytes to produce cytokines [30] . We show that 13 of 30 measured chemokines and one out of 10 measured cytokines are expressed in healthy CSF. Constitutive expression in the CNS of several monocyte-attracting chemokines, like CCL2, CX3CL1, CCL15, and CCL20, has previously been reported [31, 32] . We confirm constitutive expression for all of them except CCL20. CCL21 has been reported to be constitutively expressed in non-lymphoid tissues [33] , but to the authors knowledge has previously not been described in the CNS. MIF is the only cytokine in this analysis with known constitutive expression, in contrast to other cytokines that are produced upon immune activation [34] . However, five chemokines had expression in CSF exceeding steady-state levels in serum; CCL2, CXCL8, CXCL10, CXCL12, and CXCL16. We propose that these chemokines are involved in the Fig. 2 Levels of a CXCL8, b CXCL9, and c CXCL10 in CSF of HSE (n = 14) and HSM (n = 20) patients compared to healthy controls (n = 33) and to serum (n = 8/group; control = 5). Data are presented as individual values with medians indicated by horizontal bars. CSF comparisons were performed using Kruskal-Wallis' non-parametric test with Dunn's post-test. White symbols are non-matched CSF or serum samples, which were excluded from analysis of paired CSF and serum (filled symbols), using Wilcoxon matched-pairs signed-rank test. Statistical analysis was performed using GraphPad Prism version 6 (GraphPad Software). Abbreviations: CSF cerebrospinal fluid, HSE herpes simplex encephalitis, HSM herpes simplex meningitis immune surveillance of CNS during steady state. T cells make up 80% of immune cells in healthy CSF [35] , thus could be the main target cell for these chemokines.
We found that few chemokines were upregulated in CSF during HSE or HSM to levels exceeding those in serum. CXCL8 was found in CSF of both HSE and HSM, but the levels were far higher in HSM. High levels of CXCL8 have been reported in the CSF of HSE patients, where levels seem to be stable for a long period after disease onset [36] . CXCL8 binds receptors CXCR1 and CXCR2, which are both found on neutrophils and induce neutrophil migration through CXCR2. However, Fig. 3 Levels of a CXCL11 and b CCL8 in CSF of HSE (n = 12) and HSM (n = 8) patients compared to healthy controls (n = 20) and to serum (n = 8/ group; control = 5). Data are presented as individual values with medians indicated by horizontal bars. CSF comparisons were performed using KruskalWallis' non-parametric test with Dunn's post-test. White symbols are non-matched CSF or serum samples, which were excluded from analysis of paired CSF and serum (filled symbols), using Wilcoxon matched-pairs signed rank test. Statistical analysis was performed using GraphPad Prism version 6 (GraphPad Software). Abbreviations: CSF cerebrospinal fluid, HSE herpes simplex encephalitis, HSM herpes simplex meningitis we observed few polynuclear cells in CSF of both HSE and HSM patients. This indicates that neutrophils enter the CNS upon disease onset and quickly disappear, or that an additional signal is needed for neutrophil migration into the CNS. Since high levels of CXCL8 are observed in both bacterial and viral meningitis, but only bacterial meningitis is accompanied by a potent influx of neutrophils, we propose that this additional signal is missing in HSV CNS inflammations.
The common proinflammatory chemokines CXCL9 and CXCL10 are upregulated in CSF in both HSE and HSM, as in many other inflammatory CNS conditions [30, 37, 38] . High CSF CXCL11 levels on the other hand were exclusive for HSM. All three chemokines bind the chemokine receptor CXCR3, which is mainly found on CD4 + and CD8 + T cells. The affinity for CXCR3 is highest for CXCL11, followed by CXCL10 and CXCL9 [26] . We suggest that the high levels of CXCL11 could explain the greater influx of mononuclear cells secreting IFN-γ into CSF in HSM. CXCL9, CXCL10, and CXCL11 are induced by IFN-γ, but interestingly CXCL11 is as also induced by IFN-β [26] . This reflects differences in the promotor elements for CXCL9, CXCL10, and CXCL11. For example, the promotors for CXCL10 and CXCL11 both contain IRSE elements whereas the promotor for CXCL9 does not. In addition, a STAT3-STAT1 heterodimer binds to the CXCL11 promotor whereas a STAT1-STAT2 heterodimer binds to the promotors for CXCL9 and CXCL10 [26] .
Overall, very little is known about chemokines and their receptor interactions in the human CNS. CXCL10 is known to be expressed in the CNS by microglia, neurons, and stromal cells. Depending on type of CNS infection CXCL10 has been found to have protective as well as detrimental function in disease progression [39] . Mice infected with HSV-2 and deficient in CXCL9 or CXCL10 have higher viral titers and impaired recruitment of NK cells and virus-specific CD8 + T cells to the CNS [40] . Susceptibility to HSV-2 increase in CXCR3-deficient mice, and they succumb faster to disease [41] . However, mice infected with HSV-1 and deficient in CXCR3 are protected from fatal CNS disease [42] . The role of CXCR3 and its ligands are likely tissue-specific and dependent on mouse strain [43] .
CXCL11 may have a role in tolerance induction by influencing generation of IL-10 hi Foxp3 -T cells with a regulatory phenotype, whereas CXCL10 instead potentiate a strong Th1 polarization [44] . CXCL11 could thus account for a better disease resolution in HSM because of initiation of an anti-inflammatory regulatory T cell response which could prohibit tissue damage. On the other hand, the induction of a tolerogenic state could warrant the recurrent episodes of HSM. CXCL11 expression is not unique for HSM as it has been observed in neuroborreliosis and enteroviral meningitis [45, 46] . However, the levels of CXCL11 were modest compared to HSM.
CCL8 was the only CCL chemokine with a CSF/serum factor above 1, and only for HSM. CCL8 is not a wellstudied chemokine, and has mainly been implicated in Th2 responses, but is associated with lymphocyte and monocyte migration as well as stimulation of eosinophils and basophils [47] . Increased CSF levels of CCL8 have been found in undefined viral meningitis, in pneumococcal meningitis, and in neuroborreliosis [38, 48] , but not in Listeria monocytogenes meningitis [49] .
HSM predominantly affects women, which is reflected in the patient group of this study. To rule out that the differences in chemokine levels in the CSF between HSE and HSM were due to sex bias, we performed a subgroup analysis of the female patients which confirmed that the differences in CCL8 and CXCL11 were indeed attributed to their respective disease.
Cytokines were not analyzed using the CSF/serum factor, since they exert their function at the site of inflammation. More cytokines analyzed were enhanced in HSM compared to HSE, which indicate that HSM is associated with a higher CSF influx of cytokine-secreting cells. Most of the measured cytokines are related to proinflammatory Th1 response, like IFN-γ, TNF-α, and IL-2 [50] , which would suggest that the infiltrating T cells are predominantly of Th1 lineage. However, it is interesting that we find very high levels of IL-6, a cytokine commonly associated with differentiation of Th2 cells and induction of antibody production in B cells [51] . The cytokine response in HSE is generally low and suggests that cytokines either do not reach the CSF, or that the immune system is less responsive to HSV-1 or its location. The production of cytokines confirm that there is an infiltration of Th1 associated cells as well as other blood-derived cells into the CNS in response to chemokine gradients, and that these gradients seems to be stronger in HSM compared to HSE.
We found no evidence of in-or efflux of chemokines/ cytokines between CSF and serum of HSE or HSM patients. Correlation data where CSF levels of chemokines were compared to serum chemokine levels argue against leakage of chemokines between these two compartments. In serum, six chemokines were increased in HSE, compared to only one in HSM. Cytokines and chemokines are likely to be locally produced in the CNS during HSE and HSM, and probably both by infiltrating immune cells as well as resident cells like microglia and astrocytes [39, 52] .
Conclusions
The difficulty in treating HSE to avoid neurological complications poses a great challenge. Here, we show that
